INTRODUCTION
Soft robotics is fast growing field in engineering, as soft robots are more flexible and versatile than traditional rigid robotics. However, while rigid structures lack compliance and accessibility, they benefit from platform stability. Thus, to bridge the gap between these two technologies, variable stiffness mechanisms have been developed. One of these mechanisms is granular jamming, where a large number of small granules encased in a * Address all correspondence to this author. membrane and can be altered between compliant and rigid states [1, 2] . This phenomenon can be utilized in a broad spectrum of applications such as a universal robotic gripper [3] , a variable stiffness haptic device [4] , a variable stiffness endoscope [5, 6] , a layer jammed tube [7] , and the emergency vacuum splint [8] .
Other examples include a tendon-actuated elephant-like trunk [9] and a small morphing robot [10, 11] , which were designed as adaptive, exploratory robots. However, each of these robots are tethered to heavy vacuum pumps to continuously maintain a low air pressure. This tethering inhibits the mobility of granular jamming-based robots.
This paper introduces the use of deaired water to untether granular jamming for a snake-like robot, the Core-snake seen in Fig. 1 . Our previous work on the robot joints involved examining granule types [12] and actuation techniques [13] for this minimally invasive surgical tool [14, 15] . This work was controlled by a vacuum pump which was significantly larger than the robot, as seen in Fig. 1(B) . For medical robotics, a tethered flexible manipulator is not uncommon, such as with current robotic endoscopes [6] , highly articulated probes [16] , catheters [17] , and surgical platforms [18] . In fact, most robotic surgical tools use tendons, which require a significant amount of space for the backend mechanisms [19] . However, there is an increasing favor for laparo-endoscopic single-site surgery (LESS) and natural orifice translumenal endoscopic surgery (NOTES) [20] , and such 1 A. Jiang, T. Aste, P. Dasgupta, K. Althoefer, and T. Nanayakkara, "Granular jamming with hydraulc control," ASME 2013 International Design Engineering Technical Conferences & Computers and Information in Engineering Conference (IDETC 2013), Portland, OR, USA, 2013. large backends can cause clashing and obstructions for the surgeons [21] . Similarly, while the Core-snake itself could be miniaturized, the overall system remained tethered and not mobile. Ideally, a granular jamming module would be a self-contained system, which would allow each robot, snake-like or otherwise, to be attached and detached without contaminating the pneumatic lines by blood or debris. By converting granular jamming from an air-based, pneumatic system to a water-based, hydraulic system, we were able to untether the Core-snake while achieving the same stiffness level.
SIMULATIONS
The following approximations are based on the assumption that the granules are elastic spheres. The packing factor for granules is affected by three main aspects: granule diameter, interparticle friction, and the relative material density of the granule to the surrounding fluid [22] . The latter aspect is described in greater detail by [23] . The pressure level of the fluid affects the stiffness of the joint; a fluid at low pressure-the fluid is evacuated from the joint-increases the granular packing factor. In general, the packing factor φ is defined as follows:
where V g and V T are the volume of granules and total volume, respectively.
To estimate the joint's unjammed stiffness, the minimum packing factor φ RLP is guessed. Known as the random loose packing factor, φ RLP is discussed by [22] and is defined as the minimum packing factor for granules in a static state. However, we take φ RLP to represent the packing factor for a given joint setup in its "soft" state, where are granules are in a minimum state static equilibrium.
Though the absolute value of φ RLP is different depending on granule properties and interparticle forces, a higher φ RLP corresponds to a softer state. For example, a spherical bead granule with no friction or cohesive forces to other granules would exhibit a φ RLP = 0.64 value, whereas the same granules with high friction between grains can be as low as φ RLP = 0.55.
On the other hand, to estimate the joint's jammed stiffness, other considerations must be made. The force required to bend joint is first estimated by the shear stress τ acting on the joint, which can be found in terms of the solid fraction f , hydrodynamic viscosity η H , shear rateγ, interparticle static friction µ s , and particle pressure P s [24, 25] . The relationship for air τ d and liquid τ l systems are the following:
where f d and f l the equilibrium solid fractions f = N c /N for granules which are dry and granules in a liquid. N c represents the number of granules in transient solid clusters per unit volume, and N is the total number of grains per unit volume. For dry granules, f d is estimated as
where µ k is interparticle kinetic friction, I is the inertial number for dry granules, d is the diameter of each granule, and ρ p is the density of each granule.
For granules in liquids, f l is estimated by the following:
From [24, 26] , particle pressure P s is defined as the "mean normal stress exerted by the particles," and is
where σ is the pressure differential on the joint (e.g. in the case of full vacuum, σ = 101 kPa (14.6 PSI-A)).
Finally, the conversion from shear stresses in Eqn. 2 to the external bending force F ext is as follows:
where A is the cross-sectional area of the joint. The values used to calculate the load force at the joint tip is outlined in table 1. For the pneumatic system, the internal joint pressure level is set to 18 kPa (2.6 PSI-A) to reflect the pressure used in the experiments. Thus, σ was set to 83 kPa (12 PSI-A), resulting in a loading force of 0.43 N. For the hydraulic system, σ is estimated to occur at full water evacuation, and thusly set to 101 kPa (14.6 PSI-A). This results in a force of 0.53 N, higher than its pneumatic counterpart.
METHODS
Hemispherical acrylic granules 1 mm in diameter were used as the granular media. The variable stiffness joint membrane is a 0.2 mm thick latex cylinder 10 mm diameter by 30 mm long cylinder (2.36 mL volume). Because the Core-snake must largely resist lateral disturbances, its perpendicular stiffness is most critical. As such, bending tests were performed. These tests consist of measuring the resulting force when deflecting the joint tip perpendicularly to its axis by 10 mm. An ATI Nano17 Force/Torque To compare the effectiveness of a pneumatic system in an untethered environment, an air syringe test was performed. Here, 10 mL of air was evacuated via a syringe, and the resulting force was measured.
The second experiment consisted of a water control test. This test is similar to the air control test, with the exception that the spaces between granules are filled with water, rather than air. The upper bound of the hydraulic experiment consisted of a 10 mL syringe installed in place of the vacuum pump and evacuating the water within the joint. 0.5 mL was water was evacuated to achieve a stiffened joint. The water used is known as deaired water, where water subjugated to a process of removing dissolved air inside the liquid. Water was placed within a vacuum chamber and vibrated, as the chamber pressure was decreased. This process was done to ensure a uniform and consistent water density. While other hydraulic systems may use oil as the base stock, the use of oil is outside the scope of this paper.
This study examines the stiffness range and hysteresis of the systems. The stiffness range is the maximum stiffness K max mi- nus the control stiffness, which is also the minimum stiffness K control . The hysteresis value H for each experiment is normalized and is calculated by the difference in area of the pushing and returning curves divided by the area of the pushing curve (H = A push −A return A push ).
EXPERIMENTAL RESULTS
Several experiments were performed to validate the simulation results in Tab. 1, and to compare a hydraulic granular jamming system to a traditional pneumatic system. Between 5-10 trials were performed for each experiment.
Pneumatic Control
To have a comparative base for the hydraulic control tests, a set of identical pneumatic control experiments were performed. One, the joint is in a compliant state; and two, the joint is in a rigid state. Figure 3 shows the results of the pneumatic joint "softness" test, where the variable stiffness joint is deflected without a pressure differential to the environment. Here, the granules are in a minimal state of static equilibrium, in which they are settled, but are easily perturbed. This is taken to be the φ RLP factor for the pneumatic joint. There is a very low amount of hysteresis at 11%, and low stiffness as well. The peak force measured was 0.08 N. There is a fairly linear behavior to the curves.
With a continuous vacuum draw of 18 kPa, the variable stiffness joint is able to achieve 0.32 N at the 10 mm deflection mark, as shown in Fig. 4 .
As shown in Fig. 5 , a comparative experiment was performed to highlight the difference between a continuous vacuum draw system and a hydraulic system. The vacuum pump was replaced with an air-filled syringe, and 10 mL of air was evacuated. This system achieved a peak force of 0.21 N.
Unlike the control test in Fig. 3 , there is a visible cutoff point in the return phases for both the continuous vacuum draw test and air syringe test. In Fig. 4 , the measurable force reaches 0 N at the 5 mm point, and in 5, it also occurs at the 5 mm point. At this point, the joint is no longer in contact with the force sensor, as the joint has permanently deformed to this state. Experimentally, the joint was reset before the subsequent trial.
Also unlike the control test, the pneumatic systems, while under vacuum, exhibit logarithmic plots for both the pushing and returning curves. The pushing curve in Fig. 5 quickly maxes out by the 5 mm point, whereas the pushing curve in Fig. 4 does not peak until the 8 mm point.
Hydraulic Control
In the water "softness" test, as seen in Fig. 6 , there is a hysteresis level of 21%, and a peak stiffness of 0.04 N. The profile of this experiment is similar to the pneumatic compliant test in Fig.  3 . However, the higher hysteresis and lower stiffness indicate that the water has a different influence on the granules.
In contrast to the pneumatic systems, evacuating a 0.5 mL volume of water achieves a peak force of 0.24 N, as shown in Fig. 7 . With 20 times less volume required, similar stiffnesses can be achieved by a hydraulic system over an air-dependent one.
The hysteresis in the hydraulic system is similar to the continuous vacuum draw test in Fig. 4. Fig. 7 shows that the hydraulic test also has a permanent deformation at 5 mm, another improvement over the cutoff seen in the air syringe test.
The plot for Fig. 7 displays a logarithmic tendency for both the pushing and returning curves, similar to the pneumatic experimental results. Unlike the air syringe test, however, Fig. 7 does not begin to max out until the 8.5 point.
DISCUSSION
Although our experiments cannot confirm if the ideal φ RLP was achieved, as the granules were not sufficiently perturbed by motion, the experiments suggest that the φ RLP for a fluid is higher than for air. This can be seen from the decreased stiffness exhib- ited in the 0 mL water extraction test (Fig. 6 ) versus the 101 kPa air pressure test (Fig. 3) . This difference in values is likely attributed to the fluid decreasing the friction between granules.
There is a clear difference between the simulation and experimental results, particularly in the estimation of maximum stiffness. Eqn. 2 and 6 calculate an estimated force F ext of 0.53 N for the hydraulic system, but the experimental data show a measured force F ext of 0.24 N, less than half the predicted value. Similarly, the pneumatic system was predicted to sustain a force of 0.43 N, but the experimentally measured force was only 0.32 N. There are several possibilities for these discrepancies. One explanation may be that the assumption that the granules are in an optimally jammed state-all of the granules are a clustered state ( f = N c /N = 1)-is not correct, as it could be possible that there are free granules (N f > 0), reducing the overall stiffness of the joint. The other assumption was that hemispherical granules and spherical granules will exhibit the same results may also be incorrect. While the simulations assume spherical, the experimental granules were hemispherical. Additionally, friction losses and the movement of granules were not considered in the simulations, which could account for part of the difference in force values. Figure 7 shows that a hydraulic system can achieve the same stiffness levels as a pneumatic system requiring 20 times more volume to decrease its internal air pressure, as shown in Fig. 5 . The incompressibility of water creates a vacuum effect when the fluid is evacuated, and because the granules can make up 50-80% of the joint volume, the amount of water required is small. In turn, the evacuation chamber can also be small, miniaturizing and mobilizing the system. From the hysteresis and curve behaviors, the hydraulic system is more similar to the continuous vacuum draw system. The stiffness characteristics of a water-filled joint in a unstiffened state were the same as an air-filled joint, as seen in Fig. 3 .
However, while the use of water has many advantages over air, for a granular jamming system, there are also several disadvantages observed from our experiments. In a pneumatic system, particularly one involving a continuously running vacuum pump, leaks within the system would decrease the stiffness performance of granular jamming, but not render it unusable. For a hydraulic system, however, the fixed-volume syringe could not overcome leakages. When the hydraulic system began filling with air due to a leak, the variable stiffness joint could no longer stiffen, even if the syringe was drawn the full 10 mL. Reversing the syringe tended to expand the membrane, rather than release the air, as well. Another disadvantage of a hydraulic system is that the weight of water may be too much for the system. Though the hydraulic system can achieve the same stiffness as a pneumatic one, the mass of the water collected in a chamber at each joint would add weight to a multi-jointed snake. However, joint design or compensation related to the added weight is outside the scope of this paper.
It should be noted that the hydraulic system could theoretically achieve a higher stiffness if the syringe in the experimental setup were more robust. Though the hydraulic pressure was not measured, the author estimates that full evacuation was not achieved in the joint. The brackets supporting the syringe were flexing during the experiment, which could have skewed the experimental results. The linear module and motor, however, were able to actuate and maintain a stable position.
To test the feasibility of transforming granular jamming into an untethered system, a 3 volt, battery powered DC motor was attached to the linear module controlling the syringe (Fig. 2) . The motor was able to successfully jam the joint by evacuating 0.5 mL of water and holding its position on the linear module.
CONCLUSIONS AND FUTURE WORKS
In this paper we demonstrate a novel means of regulating the stiffness of a granular jamming joint by the use of deaired water. The results show that a hydraulic granular jamming system requires 20 times less volume than a pneumatic system to achieve the same stiffness. Additionally, a hydraulic system is able to achieve a 50% lower minimum stiffness than a pneumatic one. This opens a new field in granular jamming research for robotics, as a hydraulic granular jamming system can be used for mobile and field robotics, as well as in the medical field.
Future works include studying the granular interactions with water or other hydraulic base stocks. Certain granules may be susceptible to cohesion or other interparticle forces when introduced to a fluid. Such phenomenon can be exploited to achieve better stiffnesses and hysteresis in future compliant joints. Furthermore, additional investigations on intermediate stiffness levels should be conducted for hydraulic systems. In pneumatic systems, an intermediate vacuum pressure level results in a semistiff and a semi-soft state. However, in hydraulic systems, the linear module regulating the syringe should have an impedance controller to dynamically alter the desired stiffness of the joint. Improving the current numerical model and simulation methods will also be studied. Lastly, further research will be done on miniaturizing the hydraulic granular jamming joint system and creating an independent, controllable module.
